ABSTRACT Colonization of the lagoon at Moorea Island, French Polynesia, by fish larvae was studied with a net fixed on the outer reef crest in order to observe die1 and lunar cycles. Fish larvae entered the lagoon at dusk and at night, mainly during moonless periods. Colonization was closely related to decreasing light intensity; it was 4 times greater during new moon than during full moon. Other environmental factors such as hydrodynamic features of the water mass above and in front of the reef crest may have also influenced this colonization. More than 97 % of the larvae that colonized the lagoon were postflexion or later stage larvae and were probably competent to settle in the lagoon. Gobiidae were the most numerous with 60.5 % of the catches. Scandae and Labridae were the second and the third most important families with 10.3 and 6.2% of the catches respectively.
INTRODUCTION
Like most marine fishes, coral reef fishes have a larval pelagic phase which ends with settlement onto the reef. The success of this transition between 2 very different environments determines the fishes' settlement levels. Research on coral reef fishes has recently focused on the settlement period as this is important for the dynamics of the reef fish populations (Victor 1983 , Richards & Lindeman 1987 , Doherty & Williams 1988 , Jones 1990 , Robertson 1992 . A number of different methods have been used to better understand both the pelagic and the benthic life of reef fishes. Some of these studies have been conducted on young fishes, just after their settlement onto the reef. Recruitment patterns at different time and space scales have been estimated using in situ censuses on newly settled fishes (Williams 1983 , Eckert 1984 , Sale et al. 1984 . Light trapping has also been used recently to catch larvae on or near reefs (Doherty 1987 , Milicich 1988 , but this technique relies upon an active process at night (positive phototropism) which can vary between species and developmental stages (Thorrold 1992) .
Daily otolith increments give valuable information on the duration of the pelagic life (reviewed by Victor 1991) but this is an indirect method for studylng the timing of settlement. Data collected with plankton tows have also enhanced knowledge of larval distribution in the water column surrounding reefs (Victor 1984 , Williams 1986 , Kingsford & Choat 1989 , Kobayashi 1989 , Leis et al. 1991 . These results have given a good description of the horizontal and vertical distributions of fish larvae around reefs (Leis 1986 , Leis 1991a , Boehlert et al. 1992 , but have been hindered by problems of avoidance by larger larvae and difficulty in identifying smaller larvae.
The above methods have provided much information on the distribution and abundance of fish larvae but most of them fail to take into account the short period from the end of the pelagic phase to the beginning of the reef-associated phase. There is still a gap in data on recruitment obtained by these methods because they do not cover this period. Some papers have previously pointed out that the mechanisms of larval transport between the ocean and the reef are unknown (McFarland & Odgen 1985 , Sweatman 1985 , Richards & Lindeman 1987 . This transport of fish larvae which occurs just before settlement is referred to as 'colonization' in the present paper. Very few methods can be used to observe this colonization because these larvae move between 2 different environments. One method is to follow the larvae from the water column until they settle onto the benthic environment, but only a few larvae can be observed and this seems difficult to do on a regular basis. A second method is to catch larvae as they pass through the interface between the ocean and the reef (Dufour 1991) . This assumes that fish larvae are caught only during colonization onto the reef and not while moving back from the reef to the ocean or staying in 1 of the 2 environments. The aim of this study is to describe the colonization pattern to a lagoon by reef fish larvae at a small temporal scale using this second method.
MATERIALS AND METHODS
Study area. Moorea Island (l?" 30' S, 149" 5' W) is a high volcanic island, located in the Society Archipelago (French Polynesia), surrounded by a coral reef which delimits a lagoon (Fig. 1) . A fringing reef is located along the shore of the island. The barrier reef is formed by a reef flat of 2 m depth in the most internal part and bordered by a reef crest on the outer part which is the frontier between the lagoon and the ocean. The crest is almost permanently at sea level due to very weak tides (annual maximum range 0.3 m).
Waves breaking on the crest create a constant flux of ocean water across the reef crest. The outer slope is located seaward of the reef crest, and ends in a sandy bottom at 30 m. The bottom then becomes very steep and drops to the oceanic floor. more than 2000 m deep. The reef crest is intersected by passes connecting the open ocean with a lagoon channel. Through these passes, lagoon water, which comes from waves breaking over the crest, flows back into the ocean. Thus, the predominant hydrodynamic feature of this reef is a permanent flow of oceanic water over the crest and the barrier reef which goes back to the ocean through the channel and the passes. The average residence time of the water in this system is 6 h (Delesalle & Sournia 1992) . The present study was carried out on the reef crest, in the northwestern part of the island (Tiahura sector; Fig. 1 ). The distance between the crest and the shore is 840 m. The nearest pass is located 600 m from the study area on the reef crest. The current flushing out of the pass has an average speed of 0.5 m S-' but can reach 2 m S-' (Lenhardt 1991) .
Sampling methods. Larvae were sampled on the reef crest using a single net fixed directly on the substrate. The net was located in the surf zone at the highest point of the crest. The lack of replication through space was due to the difficult access to the crest, especially at night. Therefore, replication was provided through time by several temporal cycles. The size of the mouth of the nets (0.25 X 1 m) was chosen according to the average water depth on the crest (0.15 m). The mesh size of the net was 0.5 mm. Other factors such as wind direction were qualitatively recorded during the sample periods. Larvae were collected over 
I
by a General Oceanics flowmeter attached to the frame of the net. The net was rarely clogged due to low turbidity and turbulent water flowing into the net. Larvae were fixed with 10 % formalin in seawater. Since the relation between larval flux and water flow on the reef crest is not clearly understood (Dufour 1991) and because this sampling method is not con~parable to towed net sampling, we do not present the results as density of larvae per m3. Instead, we present the larval flux, which is the actual number of larvae coming into the lagoon per unit of time and crest length, further expressed as 'number of larvae per 10 min and per m of reef crest' (see Igushi & Mizuno 1990 for a similar expression). The water flow through the net is also presented for comparison with the larval flux.
Taxonomic analysis. The first part of the 'Results' presents a taxonomic analysis based on the samples from the cycles taken in 1989. Larvae were sorted, under a dissecting microscope, from the other materials collected and stored in 5 % formalin in seawater. Identification of the larvae has been done at the lowest taxonomic level possible following Leis & Rennis (1983) and Leis & Trnski (1989) . Almost all the larvae were identified to the family level although determination of genus and species was possible in some instances. The postflexion larval types were identified within families corresponding to consistently recognizable differentiations in their morphological traits or pigment patterns, but without identification to species or genus. Types are indicated with a number following the family name. The preflexion and flexion stages were pooled into 1 larval type called 'preflexion' in this paper. Juvenile specimens of all families were also pooled into 1 type called 'juvenile' except for Pomacentridae and Apogonidae because many of the latter 2 families were at this stage. The taxonomic analysis is based on a comparison among 4 periods of the die1 and lunar cycles: day (06:OO to 17:30 h), dusk (18:OO to 19:00 h) and the moonlit and moonless periods of night.
RESULTS

Taxonomic analysis
Larvae of 50 of the 75 families of fishes identified for the Society Archipelago (Randall 1985) were found in our samples (Table 1 ). All but 6 were reef inhabitants; the others were oceanic families. Among all families, 37 genera and 6 species were identified. One subfamily (Amblyopinae) was not previously reported in French Polynesia. More than 80% of the reef fish families were of postflexion stage or older, while twothirds of the oceanic families were at the preflexion stage only. Among the 4 families that were not captured at the postflexion stage, 2 were shorefishes (Carangidae. Mugilidae). We did not capture any Holocentridae larvae at the postflexion stage; all specimens had metamorphosed and we pooled them with other juveniles. The dominance of old larvae was confirmed: 97.5 % of the total number of fishes caught on the crest were in postflexion stage or older. Most of the larvae were therefore probably competent to settle into the lagoon. The taxonomic analysis was made for the 4 different periods identified as distinct levels of larval flux over the reef crest: day, dusk, and moonlit and moonless periods during the night. Only those larval types exceeding 10 individuals for each period are presented but the total number represents all the larvae caught during each period.
The comparison between day and dusk showed that very few larval types were present during the day (Fig. 2 ). Only 3 types had more than 10 individuals among which Blenniidae type 1 was the most important. After sunset, the diversity of larvae increased; 21 larval types had 10 individuals or more, and 6 types had more than 100 specimens. The first family coming over the reef at dusk was the Blenniidae, when most other fish larvae were not as numerous, except Gobiidae and, to a lesser extent, Scaridae and Scorpaenidae. The most numerous type was Gobiidae type 1, identified as Asteropteryx semipunctatus, with 154 individuals collected. Preflexion larvae (all taxa pooled) were not abundant; only 20 were captured. The most important family was Gobiidae with 23 % of the catches, followed by Labridae and Scorpaenidae. The moonlit periods (Fig. 2) displayed total abundance and diversity roughly similar to the samples collected at dusk although many more samples were taken during this period (138 vs 48). However, the main larval types differed greatly between the 2 periods. Gobiidae was still the most important family during this period with 53% of the catches. Preflexion larvae were much more abundant during moonlit nights (100 vs 20 specimens) but this could be biased by the difference in number of samples. They were however the second most numerous larval type after Gobiidae. Scaridae and Labridae with 10 and 7 % of the catches respectively were also important. The Shannon-Weaver index of diversity was 1.57. The families sampled on the reef crest during moonless periods were roughly identical to those sampled at dusk but Blenniidae was less abundant. The moonless period presented a larger number of larvae than the moonlit period, although the number of samples was roughly similar (133 vs 138). The total abundance of larvae was higher during moonless than during moonlit samples (6744 vs 1688). Among the 37 idenhfied types, 13 have more than 100 specimens and the Shannon-Weaver index of diversity was 4 . The main families were Gobiidae (62%), Scaridae (11 %), Labridae (7 %) and also juvenile fishes (7%) among which half were Die1 cycles Pomacentridae. Therefore, most of the larval types and stages were more abundant during moonless samples
The influx of larvae into the lagoon over the reef crest than during moonlit samples, except preflexion larvae.
was always very low during daylight (Fig. 3) . It inThus, the increase of the larval flux from moonlit to creased rapidly at dusk (18:OO h) and at night although moonless periods was due to an increase of all postit varied both within and between nights. Lama1 flux flexion larval types.
increased during the first part of the night in some instances (Fig. 3A, C) , but in other instances the flux decreased during the beginning of the night and increased afterwards (Fig. 3B) . Peaks of larval flux occurred during moonless periods of the night for 3 cycles; 2 peaks occurred at the beginning of the night (Fig. 3A, C) and the third occurred after the moonlit period (02:OO h; Fig. 3B ). The last of the 4 cycles presented a different pattern (Fig. 3D) . Larval flux was very weak during the entire night and was not associated with the moonless period. Larval flux was much lower than during the other cycles and was negligible around midnight. Water flow usually showed no difference between day and night. Water flow was similarly not correlated with the larval flux except during 1 lunar cycle where a positive correlation at p < 0.05 were found ( Table 2) . The low water flow of the fourth cycle was associated with a change in trade wind direction. This cycle occurred during southeast winds, while the previous cycles were investigated with northeast trade winds, which prevail during winter. This die1 pattern of colonization was roughly constant through the period of sampling (May to June 1988). '' % (10 min)-l m-'] when the moonless period immediately followed dusk. In order to assess variations of larval flux and water flow among consecutive days, sampling was performed over 48 h cycles (3 sets of 2 running diel cycles, Fig. 4 ). The larval flux was again low during the day and increased markedly at dusk, and also varied in magnitude according to the moon period. New moon periods showed peaks of larval flux during the first night. The water flow was not correlated with the larval flux during this cycle (Fig. 4A , Table 2 ). The highest larval flux during the first moon quarter was recorded at dusk for both nights. A very low water flow occurred at the same time but is however not significantly correlated with larval flux over the entire cycle (Fig.  4B , Table 2 ). The following moonlit period showed a low larval flux. After the moon set, the number of larvae increased slightly for the 2 nights but it was still low relative to larval flux during the new moon. The last cycle was studied during the full moon (Fig. 4C) . Two peaks of larval flux occurred at dusk before the 2 nights where larval flux was very low and when moonlight lasted the entire night. Here too, water flow did not consistently influence the larval flux during this cycle (Table 2) . Samples collected over 1 or 2 diel cycles during different moon phases showed several features of the colonization of the lagoon by fish larvae. The larval flux over the reef crest was negligible during the daylight period (05:OO to 17:OO h). This flux 
Lunar cycles
Results of larval flux compared to lunar cycles are presented in Fig. 5 . A common pattern of greater larval flux during moonless nights was found during the lunar cycles. Several peaks of larval flux occurred around the new moon phase (moonless nights). Periods of low or null larval flux occurred during or before the full moon phases (moonlit nights). Larval flux just before the full moon was usually lower than after the full moon. Because the larvae were collected between 20:OO and 00:OO h, the first moon and last moon quarters were sampled during moonlit and moonless periods respectively. This probably accounted for the fact that first moon quarter presented a lower larval flux than the last moon quarter. The new moon peaks of larval flux were different among cycles. The highest peaks of the first and the fourth cycles are close to the summer season (from November to March), while the smaller peaks appear near the winter season (from June to September). Water flow was not correlated with the larval flux except for the second and fourth cycles where both larval flux and water flow were high during few samples ( Table 2 ). The average abundances of larvae between the 2 periods (i.e. moonless and moonlit periods) were significantly different (Table 3) . Therefore, a general trend of lower larval flux around winter appears in the evolution of these cycles, over the lunar pattern of peaks around the new moon. 
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This study shows that the colonization of the reef crest by reef fish larvae is mainly a nocturnal process. There are few other observations of the die1 timing of settlement of fish larvae on the reef substrate (Dufour 1991 , Victor 1991 . It has been shown that the settlement of the acronurus larvae of Acanthuridae occurs at night (Sale 1969 , McFarland & Odgen 1985 , as well as some Pomacentridae (Doherty 1981 , Sweatman 1985 , Robertson et al. 1988 ). These observations concern only 2 families and, although more studies were recommended on this subject (McFarland & Odgen 1985) , few results have actually been published. Our results support the hypothesis that most reef fish larvae enter the reef at night. The colonization of nearshore waters by some other temperate fishes is also a nocturnal process (Boehlert & Mundy 1987 , Lough & Bolz 1989 The requirements for environmental conditions is however unknown for almost all fish species. The early colonization at dusk by Blenniidae gives evidence that behind the general pattern of nocturnal colonization, the observed variations among families could reflect differences in habitat selection (Connell & Jones 1991) or some particular behavior during this process (Breitburg 1991) . Nevertheless, it is legitimate to question whether the observed pattern is a bias of the sampling procedure. It could be presumed that avoidance of the sampling gear by fish larvae during the day could produce these data. We argue that several features of the sampling method rule out such a bias. First, the frame of the net is fixed on the reef crest and there is no element in front of the net that could be detected by fish larvae. Second, the water flow is highly (Jansen 1986 ). These larvae are certainly unable to swim against such a flow (Blaxter 1986) . Third, the high number of larvae and juveniles taken at dusk is counter to the hypothesis of a visual avoidance during daylight periods because light intensity at this time would also allow visual avoidance of the net. Finally, breaking waves create numerous air bubbles which reduce the visual field to a few decirneters. Thus, visual avoidance of the net by fish larvae would probably not determine the observed pattern.
Colonization concerns mainly postflexion larval stage and juvenile stage. The precise timing of colonization seems consistent with the fact that specimens at these stages do not drift passively over the crest. Near the surf zone, the positioning of fish larvae is probably a n active process (Whitfield 1989), mainly for old fish larvae because they have good locomotive ability (Webb & Weihs 1986 ). As settlement is most probably a n active process, w e presume that most of the postflexion larvae and juvenile fishes are able to control the time at which they enter the lagoon. This phenomenon might explain why larval flux did not seem to vary consistently with water flow at different time scales. Preflexion stage larvae do not present the same pattern. They are more likely to drift passively over the reef crest. Most of the studies on settlement, dealing with observation of specimens on patch reefs, have not quantified water currents around their study area in order to assess their influence on larval recruitment. In this study, we presented water flow measurement because w e believe that this factor could influence larval colonization. However, the correlation between larval flux and water flow is not constant in our samples. This flow depends mainly on the wave height. Whether this water mass comes from surface water or deep water is unknown and, thus, we do not know whether fish larvae outside the reef are located near the surface or above the bottom. It is, therefore, not surprising that little direct evidence exists for the influence of water flow on larval flux because this may be difficult to measure accurately. While hydrodynamic features on the reef crest can probably affect the observed pattern, it cannot account for the observed diel and lunar cycles.
Other environmental factors may affect colonization. The last 24 h cycle let us presume that wind direction may have influenced the larval flux over the reef crest. The wind blowing offshore could have reduced the larval flux. This finding is consistent with the fact that larval fish have usually been found to be less abundant on leeward than on windward sides of islands (Leis 1991b ). Environmental factors are therefore able to modify strongly the pattern of colonization at the observed scales (i.e. diel and lunar). However, none except light can really explain the observed pattern because they do not present the observed cyclic variations.
The avoidance of the reef crest and the sea surface by fish larvae during daylight periods could have caused the observed pattern. Our results indicate that colonization is a response to a lowering of light intensity. The variation of ambient light can be viewed as a signal inducing a behavioral change in reef fish larvae. The response of fish larvae seems to be proportional to the temporal gradient of light because the highest peaks of colonization occur after the strongest decrease of ambient light, when the day is followed by a moonless night. This is a well-known phenomenon explaining daily vertical migrations of fish larvae in the ocean (Enright 1977 , Enright & Honneger 1977 , Neilson & Perry 1990 , and of zooplankton over coral reefs after a decrease in sunlight or moonlight intensity (Alldredge & King 1980 , Tranter et al. 1981 . Zooplankton appear over the reef crest mainly at night but they are thought to be passively transported by water flux coming with breaking waves (Hobson h Chess 1978 . However, these studies, based on planktonic invertebrates, have not investigated fish larvae.
The colonization of the reef at night could also result from a predatory impact on a permanent flow of larvae coming from outside. Although no direct observations can exclude a predatory effect, several features of this colonization argue that this pattern is not the result of a predation during the day. Hamner et al. (1988) suggested that a high number of fishes creates a 'wall of mouths' foraging on zooplankton during the day at Davies Reef (Great Barrier Reef). Similar predation is improbable at Moorea, however. The density of fish over the reef front of Moorea Island (2.2 to 5.2 ind. m-2; Galzin 1987a) is much lower than that over Davies Reef (14.3 to 24 ind. m-2; Hamner et al. 1988) .
The activity rhythm of the other reef dwellers also shows diel cycles. Among them, small piscivorous fishes are probably the most abundant predators for young settling fishes (Randall & Brock 1960 , Harmelin-Vivien 1981 . Nocturnal fishes of French Polynesia, with only 37 % of the species, are less abundant than diurnal species (Galzin 1987b ) although all of them colonize the lagoon at night. It is supposed that the foraging activity of fishes is much less important during moonless nights than during moonlit nights and that the timing of the changeover of the 2 guilds at dusk presents a 'safety corridor' when the first guild has already found shelter and the second is not yet in the water column (Hobson 1965 , 1973 , Johannes 1981 . Therefore, there may exist a link between the peaks of colonization at dusk and during moonless nights and these activity cycles of larval fish predators. Previous studies about the timing of planktonic migrations have also suggested that predation could be the force that formed this pattern (Enright 1977 , Tranter et al. 1981 , Bollens et al. 1992 .
The pattern of colonization probably enhances the survival rate of fish larvae but the mortality is probably very important during the period following the colonization (Doherty & Sale 1986 , Victor 1986 , Shulman & Ogden 1987 , Dufour & Galzin 1992 . More studies are required to understand the mechanisms by which fish larvae cross the interface between the ocean and the reef and what mechanisms control the success of this colonization.
